The public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining the data needed, and completing and reviewing the collection of information. We show experimental and theoretical results for enhancement of nonlinear transmission (NT) in moderate finesse cavities filled with nonlinear organic materials (NLOM). Our design for enhancement of nonlinear transmission using micro NLOM cavities compared with reference samples of the same material show that single cavities can enhance the nonlinear response by a factor of 10 or greater under high-absorption conditions. Further enhancement can be achieved in multiple-cavity structures. Other advantages of the cavity 
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Introduction
Nonlinear transmission (NT) occurs when the optical transmission through a medium decreases with increasing input intensity. Passive nonlinear transmission is activated by the optical radiation itself and, therefore, can occur without any electronic switches or feedback circuits. The effect has been proven to be effective for the generation of ultrashort pulses [1] . There are various mechanisms for passive nonlinear transmission, such as nonlinear absorption (NLA), nonlinear refraction, and induced scattering. The microscopic origins of these nonlinearities vary widely and include reverse-saturable absorption, two-photon absorption (TPA), optically-induced molecular reorientation in liquid crystals, and the electronic Kerr effect. [2] . Over time, significant effort has been devoted to the investigation of new materials for NT [3] [4] [5] [6] [7] [8] . However, the importance of this problem is now driving device engineering as well, in particular the role of new material structures with advanced properties [9] [10] [11] [12] [13] [14] [15] . In [13] we proposed a new NT mechanism based on the induced shift of the bandgap of resonant photonic bandgap (RPBG) structures. The advantage of the mechanism is that both nonlinear absorption and nonlinear reflection can occur in the system. The interplay among these two resonances, the optical resonator, and the Bragg resonance in RPBG structures is the origin of both nonlinear absorption and nonlinear reflection. As a result, the NT at the edge of the photonic bandgap (PBG) can be effectively compared with the NT based on the bandgap shift due to the nonlinear refractive index, as proposed in [9] . In general, NT mechanisms based on PBG structures demonstrate very effective nonlinear transmission, but the NT band (the wavelength band in which NT can occur) is quite narrow, since it operates near the edges of the PBG. Moreover, it sets strict conditions on making PBG structures, in general, and RPBGs, in particular. In this paper we propose a design for NT enhancement 0003-6935/08/315777-07$15.00/0 © 2008 Optical Society of America based on strong resonance of light in microcavities filled with nonlinear absorbers. In Section 2, we experimentally demonstrate threefold reduction in the nonlinear threshold and a very high damage threshold for a single-cavity device compared directly to an identical sample of a 53 μm NLOM with no mirrors. Then, we present theoretically, in Section 3, the advantages of a microcavity for nonlinear transmission compared with a mirrorless sample of material. The simulation results show that enhanced nonlinear response in a single cavity can reach a factor of 10s or greater under high-absorption conditions. Here, we define the enhanced nonlinear transmission in the cavity as the transmission ratio between the mirrorless sample and the cavity under the same conditions. Finally, we discuss more sophisticated designs for even further enhanced nonlinear response and broader NT bands based on multiple-cavity (MC) structures.
The resonant modes of an optical cavity undergo multiple reflection between the two mirrors of the cavity. The energy carried by these modes, and the corresponding light intensities, are strongly enhanced inside the cavity. If the cavity is filled with a nonlinear absorption material (nonlinear absorber) with its absorption region within the resonant modes, the nonlinear absorption will be enhanced due to the high intensity of light inside the cavity. Nonlinear absorption here means that the absorption increases with the light intensity. However, we do not focus on any specific mechanism for nonlinear absorption in this paper. If the system is constructed from multiple cavities, in which different cavities can be filled with different nonlinear absorbers, then the region of absorption enhancement can be widened. Our simulation results also show that the nonlinear enhancement can reach a factor of 100s in a doublecavity structure due to multiple reflections of the resonant modes in the structure. In this paper, we use the transfer matrix method [16] [17] [18] to design the dielectric mirrors and to understand qualitatively the properties of a system consisting of multiple cavities.
Experiments Demonstrating Nonlinear Enhancement in a Cavity
In this section, we present experimental results that demonstrate reduction in the nonlinear transmission threshold and very high damage threshold for a single-cavity device compared directly to an identical sample without mirrors. Details of our experiments, including the development of the NLOM, will be the subject of a future paper. We developed a nonlinear transmission sample by dissolving a reversesaturable absorber dye in a low glass transition temperature (T g ) polymer. The RSA dye used was lead (II) tetrakis (4-cumylphenoxy) phthalocyanine (PbTCPc) (Sigma-Aldrich) and the polymer used was poly (acrylic tetraphenyl diaminobiphenylamine) (PATPD) [19] with the plasticizer ethyl carbazole (ECZ). The PATPD-ECZ mixture and PbTCPc were dissolved in a solvent (dichloromethane) with a weight ratio of 99:1 and mixed together by sonicating for 30 min. The solvent was then evaporated off using a rotary evaporator and the resulting material was dried at 35°C under vacuum for several hours. The solid composite was melt processed between two glass plates with glass spacer beads in between to adjust the thickness to 53 μm. The phthalocyanines exhibit nonlinear transmission at 532 nm (pulsed) via a NLA process. NLA is attributed to a mechanism by which the excited states are populated by a multistep absorption leading to reverse-saturable absorption (RSA). RSA occurs as a result of an intersystem crossing from the lowest excited singlet (S 1 ) to the lowest triplet state (T 1 ) and the subsequent population increase during the laser pulse irradiation. The magnitude of the absorption cross section of the triplet-to-triplet transition is in excess of the magnitude of the absorption cross section of the ground to excited state absorption in the singlet level during RSA. This bleaching of the ground singlet level leads to an overall increase in the absorption coefficient due to the incident laser power. The rationale behind selecting substituted lead phthalocyanine is that the spin orbit coupling can enhance the population of the triplet states in lead phthalocyanine due to the heavy metal atom (lead) effect. The heavier the central metal atom, the more probable is the intersystem crossing, which results in a larger population of the triplet state. This will enhance the absorption cross section of the triplet state resulting in enhanced RSA and, hence, improved nonlinear response [20] [21] [22] . The Fabry-Perot (FP) cavity was constructed with mirrors having a reflectivity of about 75% at 532 nm and filled with 53 μm of the PATPD/PbTCPc composite.
The nonlinear response was evaluated using a frequency-doubled Nd:YAG laser (532 nm), which provided 5 ns pulse widths at a repetition rate of 1 Hz. We used two polarizers in series to act as an attenuator to adjust the incident laser energy; then the input laser was split into two beams, one of which was employed as a reference while the other was focused onto the films with a 10 cm focal length lens. The incident and transmitted laser energy were collected with a lens and measured simultaneously with two identical photodiodes. Figure 1 shows the nonlinear response characteristics of the two structures under the same conditions.
As can be seen in Fig. 1 , the experiment results clearly show a reduction in the nonlinear threshold fluence (defined as the fluence where the transmittance is 50% of linear value) by about a factor of 3, from ∼110 mJ=cm 2 in the mirrorless sample to ∼40 mJ=cm 2 in the single-cavity sample. Moreover, the damage threshold in the cavity is nearly 4 times higher than that in the sample (∼800 mJ=cm 2 compared with ∼225 mJ=cm 2 ). Note that the dielectric mirror in our experiments has reflectivity R ∼ 70% at a laser wavelength of 532 nm and that at the level of linear absorption, the total transmission of the cavity in the whole visible region (defined as integration of the transmission in the considered region) is about 25%, which is quite low, while the linear transmission in the NT region is only about 10%. Further optimization is required to increase the total linear transmission of the PATPD/PbTCPc FP cavity to a more acceptable level (>30%) while still maintaining the benefits of lower limiting fluence and an increased damage threshold. In principle, we can optimize the mirror to increase the total linear transmission in the visible region to higher than 60%.
Theoretical Analysis
In this section, we will present theoretical calculations based on the transfer matrix method (TMM) to understand qualitatively our experiments presented in Section 2. First, let us consider the case of a single cavity (C1), which is constructed from two identical mirrors (M) and is filled with a NLA material characterized by a nonlinear absorption coefficient αðλÞ. Our purpose is to demonstrate the working principle of cavity structures for NT and we do not consider all of the issues related to optimization of the system. The nonlinear enhancement in the cavity, however, strongly depends on the reflectivity of the mirrors and the NLA material. Therefore, we consider two different mirrors, M1 and M2, with R ∼ 40% and ∼80%, respectively, as shown in Fig. 2 .
In our theoretical model and our experimental studies, the dielectric mirrors consist of alternating layers of SiO 2 and Ta 2 O 5 . In Fig. 2 , the reflections of the dielectric mirrors are calculated by the wellknown TMM [16] . This method is very effective for calculations of light propagation in multilayer systems, both in frequency [16] and time domains [17, 18] , so we can apply it to calculate the transmission and reflection of the MC structures. Our calculation method is described as follows.
Let us consider a system, depicted in Fig. 3 , consisting of two material layers with different indices n 1 and n 2 . E ðAEÞ ðzÞ denote the electric fields, which propagate forward (þ) and backward (−) along the z direction, respectively. z The general transfer matrix expression between the fields at z 0 and z 2 can be written as
where M ij are the coefficients of the transfer matrix M. The electrical field amplitude reflection and transmission are given by
Here, the transfer matrix M can be determined by the simple relations 
We define the interface matrix between two adjacent materials as
where n l and n r are refractive indices on the left and right of the interface, respectively, and the matrix between two interfaces of a material with thickness d and refractive index n as Aðn; dÞ ¼ e ik 0 nd 0 0 e
then the transfer matrix equation for the light fields at z 0 and z 2 can be written as
Note that in Eqs. (3)-(6), for the case of the absorbing materials, the refractive index is written as n ¼ n 0 þ in 00 , where n 0 and n 00 are the real and imaginary parts of the complex index. The imaginary part of the index is related to the absorption coefficient α m of the mth layer as α m ¼ 2ωn 00 m =c. By using the above expressions, we can qualitatively calculate light field propagation in single cavities or MC structures, including the multilayer mirrors, in both linear and nonlinear regimes. It is worthwhile stressing that this method gives only qualitative results since it assumes simply that the absorption coefficient αðλÞ is low in the linear regime (low intensity) and high in the nonlinear regime (high intensity). In this way, the complexity of the nonlinear propagation of the light fields is avoided; however, this method does not fully describe the stronger absorption for resonant modes. It is worth stressing here that the NT of the cavities can be described quantitatively by using the so-called nonlinear transfer matrix formalism (NLTMF) [23, 24] . In NLTMF, the nonlinear effects are taken into account in the boundary conditions and in the phases. However, as also presented in [23] [24] [25] , the NLTMF is essential in cases where the thickness of the nonlinear material is of the order of a wavelength L ∼ λ and/or in the limit of very high nonlinear refractive index n 2 I ∼ n 0 . In this work, we consider cavities with L ≫ λ and an NLA material with a negligible nonlinear refractive index. If the nonlinear mechanisms of the materials are known, NT can also be obtained qualitatively by using the time-domain TMM, as in the case of Braggspace quantum wells [13, 17, 18] . Here, we consider very general NLA materials, without regard to the particular nonlinear mechanism. The TMM presented above can still describe multiple-reflection effects in the cavities. Therefore, even with such a simple model, we can still demonstrate the advantages of the cavity/MC design for enhanced nonlinear response.
Let us theoretically investigate the advantages of a microcavity for nonlinear transmission. We consider a mirrorless sample C0 and two single cavities (C1s), one with the mirrors M1 (C1M1) and the other with M2 (C1M2). Both cavities and the sample are filled with 200 μm of the same material characterized by the absorption coefficient αðλÞ. For the simplicity of the calculations, we assume that the shape of the absorption spectrum is Lorentzian and is the same in the linear and nonlinear regimes, with only a change in the overall magnitude of the absorption. To illustrate nonlinear enhancement by the cavity structures, we calculate and compare the transmission of the two cavities with that of the mirrorless sample in the linear (low absorption) and nonlinear regimes (high absorption). Figure 4 shows the linear transmissions (α peak L ¼ 0:1 corresponding to α peak ¼ 5 cm −1 ) of C1M2 and mirrorless sample C0. As seen in Fig. 4 , the transmission spectrum of C0 has the oscillations of a microcavity, even though C0 does not have a deposited mirror. This is due to Fresnel reflections at the air/C0 interface where an index of 1.517 is assumed for the C0 system, which is, thus, a weakly resonant cavity itself. It is clear that, in the linear regime (low absorption), mode suppression is relatively weak in these cavities; therefore, the maximum of the linear transmission for both cavities is still relatively high. The linear transmission of C1M1 (R ∼ 40%; not shown here) is higher than that of C1M2 (R ∼ 80%) and closer that of C0. Figure 5 shows the nonlinear transmission of C0, C1M1, and C1M2. Note that all three systems have the same material thickness of 200 μm and are filled with the same absorber with a peak absorption α peak L ¼ 2 at 660 nm (α peak ¼ 100 cm −1 ). Intuitively, if the mirror reflectivity is nearly zero, the cavity behaves like a simple sample without mirrors. Increasing the reflectivity enhances the intensity of the resonant modes inside the cavity. However, if the reflectivity is too high, say nearly 100%, the transmission would be low even in the linear regime. As shown in Fig. 5 , the nonlinear enhancement is stronger in C1M2 (R ∼ 80%) compared with C1M1 (R ∼ 40%). The results show that, with α peak L ¼ 2, the nonlinear enhancement can reach a factor of about 8 in C1M2, and about 2 in C1M1.
The enhancement is even stronger under higher absorption conditions. For example, if α peak L ¼ 6 ðα peak ¼ 300 cm −1 Þ, the nonlinear enhancement in C1M2 can reach a factor of 42 (shown in Fig. 8 ) and C1M1 a factor of 10. The nonlinear enhancement can be even further increased in MC structures, as will be shown in Section 3. For example, at an absorption peak of α peak L, the nonlinear transmission of a double cavity (C2) is reduced by a factor of more than 300 compared with a mirrorless sample (C0) under the same conditions.
Besides the strong enhancement of the nonlinear effect, i.e., the strong reduction of the nonlinear transmission in cavities as shown in Fig. 5 , the damage threshold can be increased significantly in a cavity compared with a mirrorless sample. This results from the reflection or partial reflection of light energy corresponding to nonresonant modes. Thus, the total transmission through the system is reduced significantly compared with a sample without mirrors. The resonant wavelengths undergo multiple reflections inside the cavity and experience enhanced absorption. This is the origin of strong nonlinear enhancement and a higher damage threshold in a cavity. Our experimental results in Section 2 demonstrate reduction in the nonlinear threshold and very high damage threshold for a single-cavity device compared directly with an identical sample without mirrors.
We would like to stress here that the results in Figs. 4 and 5 are only qualitative. A full nonlinear analysis would evidence even greater enhancement in the cavity. That is because the results in Figs. 4 and 5 do not reflect the stronger absorption for resonant modes compared with the nonresonant modes inside the cavity. As is well known, the resonant modes (frequencies) of the cavity are the ones that carry most of the light field energy propagating through the system. The nonresonant frequencies get reflected partially and propagate partially through the system. The resonant modes carry much higher energy (stronger intensity) than the nonresonant ones and, therefore, would experience stronger absorption by a nonlinear absorber. However, the transfer matrix method, which is used in our calculations, does not explicitly include the intensity dependence of the absorption coefficient and, as a result, underestimates magnitude of the nonlinear response. The results in Figs. 4 and 5, however, still reflect the fact that resonant light undergoes multiple reflections in a cavity and, therefore, enhances the nonlinear effect compared with a mirrorless sample.
Future Directions
In Sections 2 and 3 we have shown, experimentally and theoretically, a strong nonlinear enhancement and an increase of damage threshold in cavities compared with the mirrorless sample of an identical material. A factor of about 42 for nonlinear enhancement can be achieved in a single cavity with the peak absorption α peak L ¼ 6. In this section, we show theoretically that more sophisticated cavity-based structures, i.e., MC structures, can provide more desirable features of nonlinear transmission. Our simulation results show that an MC not only further enhances nonlinear transmission, but can also broaden the NT band by filling the MC with different NLA materials for broadband response in the visible region. Figure 6 shows an MC consisting of six cavities (C6) filled with three different NLA materials. It can also be filled with the same NLA material. We will show numerically that, if an MC is filled with different NLA materials, the NT band can be significantly broadened. On the other hand, an MC with the same NLA material can further enhance the nonlinear response compared with a single cavity, if both systems have the same material length.
Let us consider the case of C6 filled with three NLA materials, which is characterized by three Lorentzian-shaped absorption coefficients α i ðλÞ, i ¼ 1, 2, 3, with absorption peaks at 530, 600, and 680 nm, respectively. In Fig. 7 , we show the linear (dashed curve) and nonlinear (solid curve) transmission of C6 filled with three nonlinear absorbers, with thickness d j ¼ 50 micron, j ¼ 1 ÷ 6. In the calculations, we assume that, in the linear regime, α i;peak L ¼ 0:5 and, in the nonlinear regime, α i;peak L ¼ 5, where α i;peak is the absorption peak for material i. It is worth stressing that the NT band of C6 covers a broad overlapping region of three individual bands, while the NT bands of C0 and C1 cover a region corresponding to the absorption band of one material (not shown here). In principle, the number of nonlinear absorbers in the MC structure can further increase, so that the entire visible wavelength region can be covered.
Finally, we compare the nonlinear enhancement in a double cavity and z single cavity in which both systems are constructed with the same mirrors and the same length of the same NLA material. In Fig. 8 we show the calculated nonlinear transmission of a mirrorless sample (C0), a single cavity (C1M2), and a double cavity (C2M2). All three systems have the same length of 200 μm and are filled with the same absorber with the peak absorption at 660 nm. The two cavities have the same mirrors M2 (R ∼ 80%).
As can be seen from Fig. 8 , the nonlinear enhancement in the double cavity (C2M2) is much stronger than that of a single cavity (C1M2). At an absorption peak of α peak L ¼ 6, the nonlinear transmission of C2M2 is reduced by a factor of about 300, while that of C1M2 has a factor of 42 compared with a mirrorless sample (C0) under the same conditions. In multiple cavities, resonant modes undergo even more reflection inside the system compared with a single cavity. As a result, it can further enhance the nonlinear absorption and, therefore, enhance the nonlinear effects. We would like to stress that, in the linear regime (low absorption), the transmission of the single cavity and double cavity above are comparable.
Conclusion
We have proposed a new design for enhancement of nonlinear transmission based on cavity structures. Our initial experimental results show a threefold reduction in the nonlinear threshold and a very high damage threshold for a single-cavity device compared directly to an identical sample with no mirrors. We illustrated how MC structures can operate as nonlinear transmission devices to further enhance nonlinear transmission performance and their potential to broaden the nonlinear band. It is worth stressing here that the MC structures are much easier to make than photonic crystal (PC) structures. In MC structures, the thickness of the cavities is not critical and can be much thicker than those in PCs, say, hundreds of micrometers compared with hundreds of nanometers. At the same time, a multiple absorber MC can be easily constructed from the combination of several single absorber cavities, providing the potential for operation over a large wavelength range.
